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V-scheme optical double-resonance spectroscopy has been used to simplify complex molecular fluorescence and absorption spectra and explore state-changing inelastic molecular collisions ͓4͔. In the simplest rendition of this technique, selective manipulation of ground-state populations with a pump laser and observations of modulated probeinduced fluorescence allows identification of transitions that share common ground states. We present an alternative formulation of this technique that utilizes a fixed frequency cooling laser on the pump transition to selectively depopulate velocity classes in an atomic beam. This enables, through weak probe fluorescence spectra from a coupled transition, measurements of the pump transition isotope shifts and hyperfine splittings. Specifically, longitudinal laser cooling is applied to an atomic beam composed of two or more isotopes whose Doppler-broadened resonance frequencies ͑Doppler profiles͒ overlap on the cooling transition. For a fixed laser frequency, this step generates holes in the velocity profiles of several isotopes ͑the atoms are decelerated͒ whose spectral locations are proportional to the pump transition isotope shifts and hyperfine splittings. These holes, and thus the pump transition frequency shifts, are measured by observing probe-induced fluorescence spectra from a coupled transition on which Doppler profiles for the different isotopes are well resolved. This novel approach eliminates the need for Doppler-free measurements inherent to other experimental methods ͓5-9͔. Figure 1͑a͒ 1 S 0 -3 P 1 probe-induced atomic beam fluorescence ͑gas cell saturation spectra͒. b ( p ) 398.8-nm ͑555.6-nm͒ probe beam frequency; SST, saturation spectrometer transmission; CO, crossover resonance. Note that for ͑b͒ and ͑c͒, trace i, the probe lasers intersect the atomic beam at 45°. The inverted CO observed in ͑b͒ is due to optical pumping in the 173 Yb 1 S 0 (Fϭ5/2) ground state ͓15͔. In ͑c͒, velocity profiles for a given isotope appear to the left of the corresponding Lamb dip.
form the first spectral position measurement of the 173 Yb 1 S 0 (Fϭ5/2) -1 P 1 (Fϭ7/2) transition. The Yb atomic beam used for the experiment ͑see Fig. 2͒ is generated with an effusion oven ͑5-mm-diam nozzle͒ and collimated with a skimmer ͑6 mm diameter, located 70 cm from the nozzle͒. A single heater maintains the oven body and nozzle at 470°C. Fluorescence from the observation region ͑1-cm 2 cross section, 90 cm downstream from the nozzle͒ is orthogonality imaged onto a photomultiplier tube ͑PMT͒ sampled by a digital oscilloscope ͑500-s overall system response time͒. A 555-nm bandpass filter ͑ϳ10-nm bandpass width͒ placed in front of the PMT allows selective detection of the 555.6-nm fluorescence. Vacuum levels during the experiment are Ͻ10 Ϫ8 Torr. The collimated 398.8-nm cooling laser, generated by resonantly frequency doubling the output of a Ti:sapphire ͑Ti:S͒ laser in an external buildup cavity ͑FD͒ has a 1/e 2 intensity diameter of 4 mm, contains 15 mW of power, and travels antiparallel to the atomic beam. The weak, collimated 555.6-nm probe beam is produced by a ring dye laser ͑RDL͒, has a 1/e 2 intensity diameter of 3 mm, and is adjusted, using a dichroic beam splitter ͑DBS͒, to nearly copropagate with the cooling laser. Separate saturation spectrometers provide frequency markers for the 1 S 0 -1 P 1 and 1 S 0 -3 P 1 transitions. In Fig. 3͑a͒ , we depict simplified energy-level diagrams for two isotopes A and B, whose cooling ͑pump͒ transition rest frame frequencies ͑ A b and B b , respectively͒ are separated by a frequency shift ␦ AB ͓see Fig. 3͑b͔͒ . Figure 3͑c͒ depicts the resulting velocity distributions after the atoms have traversed the slowing region. Due to the slowing process, a hole at velocity u A (u B ) is generated in the velocity distribution for isotope A ͑B͒. These distributions are measured using probe-induced fluorescence spectra from a coupled transition, 
Thus, varying L , measuring ⌬ AB d , and using previously reported values for ␦ AB g determines ␦ AB b for two, or more generally, several isotopes. Note that for a significant range of cooling laser intensities, the width of the holes in the velocity distributions decreases as the cooling laser intensity decreases while the hole visibility ͑number of slowed atoms͒ does not ͓15,16͔. Consequently, the precision with which ␦ AB is determined from single measurements of ⌬ AB d , set in part by the hole width and visibility, increases as the cooling laser intensity decreases.
In Fig. 4͑a͒ ͓Fig. 4͑b͔͒, we plot typical 555.6-nm fluorescence spectra observed when the 398.8-nm cooling laser detuning Yb ͓Fϭ7/2͔ ͓see Fig.  1͑b͔͒ , are observed without the complication of overlapping emission or absorption profiles.
Several sources for error were considered when using these spectra to determine 1 S 0 -1 P 1 isotope shifts and hyperfine splittings. The 1 S 0 -3 P 1 shifts, having uncertainties of approximately 1 part in 1000 ͓6͔, produce error both through the absolute scan calibration and through their use in Eq. ͑2͒, contributing 1-4 MHz to our error budget. Asymmetries in the observed velocity distribution holes, caused primarily by spectral proximity to slowed-atom peaks, limits the determination of ⌬ AB d to ϳ5 MHz or ϳ1/10 of the full-width-at-halfmaximum hole width observed here. Note this contribution to the error could potentially be reduced by using a lowerintensity cooling laser, a step that would reduce the hole width to ϳ20 MHz ͓16͔. Finally, nonlinearity of the probe laser scan contributes an error equal to a fixed percentage of the frequency separation between a given velocity distribution hole and the corresponding 1 S 0 -3 P 1 saturation spectra feature. This percentage, ϳ0.6%, was determined by directing the probe laser through a Fabry-Perot étalon and plotting the frequency marker position versus marker number as the probe laser was scanned. Yb 1 S 0 -1 P 1 (Fϭ1/2-3/2) splitting ͓see Fig. 3͑a͔͒ . With the exception of the anomalously small value given by Ref. ͓7͔, there is good agreement between our result and those reported elsewhere ͓8,18-20͔.
Advances in studies of light-matter interactions and atomic structure can be expected as laser cooling continues to be incorporated into established high-resolution spectroscopic methods. We have presented a sensitive technique for measuring isotope shifts and hyperfine splittings that combines laser cooling and V-scheme optical double-resonance spectroscopy. This method has enabled, with an accuracy exceeding 1%, a nearly complete survey of the Yb 1 S 0 -1 P 1 isotope shifts and hyperfine splittings and is well suited to measurements of small frequency shifts.
